We present an approach for the realization of reflectionless potentials in linear coupled-resonator optical waveguides or optical waveguide arrays with modulated coupling. We show that soliton solutions of nonlinear Ablowitz-Ladik equations can be used to define analytically reflectionless modulations for linear photonic structures. Such structures fully transmit incident waves and simultaneously support a pair of localized modes. These results suggest new possibilities for pulse and beam shaping, including a realization of cavities that do not reflect incident light. © 2010 Optical Society of America OCIS codes: 130.2790, 230.4555, 190.6135. In this work, we present a general approach for the realization of reflectionless potentials for periodic photonic structures in the form of coupled-resonator optical waveguides (CROWs) [3, 4] or optical waveguide arrays [5] . Such fabricated structures can be designed to contain various types of local modulations or defects [6, 7] , and dynamically reconfigurable defects were also demonstrated in optically induced lattices [8] . The defects can support localized modes, and they also act as mirrors for incident wave packets. In the following, we present an analytical approach for designing reflectionless defects, which fully transmit incident waves and simultaneously support localized defect modes.
The process of light scattering by media inhomogeneities is a fundamental physical phenomenon. Modulations of the optical refractive index usually lead to partial reflection of incident light, and complete transmission may arise at specific resonant frequencies, such as Fabry-Perot resonances. Most remarkably, incident wave packets with broad frequency spectra can be fully transmitted when the modulation profile belongs to a class of reflectionless potentials [1] . The concept of reflectionless potentials is based on special mathematical techniques, which are well established for layered media with gradually varying refractive index [2] . However, it remained an open question how these powerful concepts could be applied to waveguides created in periodic photonic structures, featuring strong and abrupt refractive index modulation. Resolution of this question would open new possibilities for manipulation of pulses and beam shaping.
In this work, we present a general approach for the realization of reflectionless potentials for periodic photonic structures in the form of coupled-resonator optical waveguides (CROWs) [3, 4] or optical waveguide arrays [5] . Such fabricated structures can be designed to contain various types of local modulations or defects [6, 7] , and dynamically reconfigurable defects were also demonstrated in optically induced lattices [8] . The defects can support localized modes, and they also act as mirrors for incident wave packets. In the following, we present an analytical approach for designing reflectionless defects, which fully transmit incident waves and simultaneously support localized defect modes.
We consider a class of linear coupled-resonator waveguides in which wave transport is primarily defined through tunneling between optical modes of the neighboring sites [5] . For one-dimensional optical waveguide arrays, the beam evolution can be described in the tight-binding approximation by the discrete Schrödinger equation for the normalized mode amplitudes E n ,
Here n is the number of waveguide or resonator, z is the propagation distance along the waveguides, V n define the propagation constants of individual waveguide modes, and C n,m are the coupling coefficients between the modes of waveguides n and m. We note that the requirement of energy conservation, P͑z͒ = ͚ n ͉E n ͉ 2 = const, leads to the condition that the coupling coefficients must satisfy the symmetry property, C n,n−1 = C n−1,n * . The values of coupling coefficients can be adjusted by varying the distance between the neighboring waveguides. In such a way, it is possible to create defects that may act as cavities for light confinement. In the following, we discuss the beam propagation in waveguide arrays; however, our results can also be applied to various CROW structures. Indeed, Eq. (1) is mathematically equivalent to the tight-binding model for pulse propagation in CROWs, if we substitute z with time and V n with frequency detunings of individual resonator modes [9] .
We consider wave transmission through the localized modulations, where in the outside regions the structure is periodic and is characterized by a fixed value of the coupling coefficient and zero mismatch of propagation constants, C n,n+1 Ӎ C and V n = 0 for n Ͻ n min or n Ͼ n max . In the following we assume that C Ͼ 0. If C Ͻ 0, then one can apply the transformation E n ͑z͒ → E n * , which preserves the form of Eq. (1) but inverts the signs of the coupling coefficients and V n .
The solution for the scattering problem of arbitrary wave packets can be found by calculating transmission ͑T͒ and reflection ͑R͒ coefficients for plane waves. Considering the incident plane wave with unity amplitude and wavenumber k, the field profile on either sides of the defect can be written as E n = exp͑ikn + i␤z͒ + R͑k͒exp͑−ikn + i␤z͒ for n Ͻ n min and E n = T͑k͒exp͑ikn + i␤z͒ for n Ͼ n max , where ␤ =2C cos͑k͒ is the propagation constant. The values of T͑k͒ and R͑k͒ can be calculated using the standard transfer-matrix method. The direction of energy flow is defined by the sign of −d␤ / dk =2C sin͑k͒, accordingly for positive propagation direction 0 Ͻ k Ͻ .
As reference examples, we consider a homogeneous waveguide array (where C n,n+1 ϵ C and V n = 0 for all n) and a structure with smooth nonoptimized coupling modulation in the region around n = 0. The transmission coefficients and simulations of beam dynamics are presented in Figs. 1(a) and 1(b) , respectively. As expected, the coupling inhomogeneities generally lead to partial reflection and distortion of transmitted beams.
We suggest that the regime of reflectionless light propagation can be realized for a special class of modulation profiles of coupling coefficients. We note that the discrete Schrödinger model Eq. (1) has an analog in the form of the nonlinear Ablowitz-Ladik (AL) equation [10] , i‫ץ‬ n / ‫ץ‬z + ͑ n−1 + n+1 ͒͑C + ͉ n ͉ 2 ͒ =0, which can be formally written in the form of Eq. (1) with V n = 0 and intensity-dependent coupling coefficients, C n,n±1 = C + ͉ n ͉ 2 . Let us consider a stationary (soliton) solution, n ͑z͒ = n ͑z =0͒exp͑i␤z͒, which in the framework of AL equation induces an effective modulation of the coupling coefficients. The AL equation is fully integrable [10] , and the soliton-induced modulations have the property of reflectionless potentials. However, these results cannot be directly applied to waveguide structures, as the energy conservation symmetry condition is not satisfied. Nevertheless, modulation profiles satisfying the symmetry condition can be obtained as follows [11] :
This transformation preserves the linear spectrum of integrable AL equation, and therefore modulations defined by Eq. (2) will be reflectionless. We construct the reflectionless potential based on the stationary AL soliton solution [10] n ͑z͒ = ͱC sinh͑͒sech͓͑n − n 0 ͔͒exp͑i␤z͒, ͑3͒
where is a soliton parameter, n 0 defines the soliton position, and ␤ =2C cosh͑͒ is the soliton propagation constant. An example of reflectionless potential is presented in Fig. 1(c) . Despite the pronounced modulation of waveguide coupling [which is stronger than in Fig. 1(b) ], the beam experiences zero reflections, and the transmitted beam does not experience any noticeable distortions, cf. Figs. 1(a) and 1(c) . This happens because the phase of the transmission coefficient is almost linearly dependent on the wavenumber, which effectively produces the spatial shift of the wave packet according to the properties of Fourier transformations.
Different strengths of the modulation profiles can be selected by varying the soliton parameter : broad and shallow for small or strongly localized for larger . Whereas the amplitude of the transmission coefficient always remains equal to unity due to the reflectionless property, the transmission phase does depend on the value of , see Fig. 2 .
Even when the coupling modulation does not reflect incident waves, it can still act as a cavity supporting localized modes. Indeed, using the transformation introduced in [11] , we find that (2) and (3) with C =1, = 1, and n 0 = 0.5; (b) nonreflectionless modulation based on same equations and parameters as (c) but with the values of n reduced by a factor of 2, such that the modulation is weaker compared with (c). Second row, corresponding dependencies on wavenumber of the amplitude and phase of transmission coefficient T͑k͒. Bottom row, propagation of tilled beams through the waveguide arrays.
is a solution of Eq. (1) corresponding to the modulation defined in Eq. (2). Since we take n as a localized soliton solution, it follows that the profile E n defined in Eq. (4) is also localized, and it therefore describes a localized mode. Additionally, for any E n , which is a solution of Eq. (1), Ẽ n = ͑−1͒ n E n * is also a solution. Therefore, the localized modes always appear in pairs with opposite signs of the propagation constants ␤.
An important structural parameter is the modulation location n 0 . The transmission and reflection coefficients do not depend on n 0 . On the other hand, the value of n 0 clearly affects the profiles of localized modes according to Eqs. (3) and (4) . When n 0 is an integer, the mode profiles are symmetric with respect to the central waveguide position. Therefore, the beating between the modes will lead to the periodic cancellation of the field amplitude at the central waveguide and the corresponding expansion of the beam width. Such a periodic breathing is illustrated in Fig. 3(a) . If the value of ͑n 0 − 0.5͒ is integer, the mode center is positioned between two neighboring waveguides. In this case, the mode intensities are equal at the two central waveguides; however, one mode has odd symmetry, and another has even symmetry. This is similar to the case of supermodes of a directional coupler [12] , and the beating between the modes results in periodic wave tunneling between the waveguides, as shown in Fig. 3(b) .
In conclusion, we expect that various applications may benefit from the unique opportunities associated with the suggested simple and practical realization of reflectionless potentials in periodic waveguides. We also anticipate that new effects may arise for interactions with defect modes in the nonlinear regime, extending the possibilities for tunable control and all-optical switching previously considered for nonreflectionless defects [6, [13] [14] [15] [16] . 
